but it is thought to be important for transduction through the direct coupling of the transduction channel.
needed for touch sensitivity. Several of the MEC-1 isophenotype and revealed that MEC-1 was processed differently in touch receptor neurons. The fusion protein forms are predicted to contain the region necessary for attachment, but not touch sensitivity.
was visible in the ER of the same non-touch cells seen with the promoter fusion and in some neurons of the ventral cord, but it was not seen along their processes MEC-1 Is an Extracellular Protein ( Figure 3F ). In contrast, MEC-1::GFP was consistently The mec-1 promoter expressed GFP in the touch recepvisible in the ER and along the processes of the touch tor neurons, many lateral neurons (the SDQ, PLN, and receptor neurons ( Figures 3G and 3H ). In addition, we ALN neurons and two neurons of the dorsal sublateral sometimes saw MEC-1::GFP along the edge of the body cord), the PVT neuron, and the intestinal muscle (Fig- wall muscles (data not shown). Since these cells did not ure 3A).
express the promoter fusion, this muscle fluorescence We used lacZ expression to test protein topology with suggests that MEC-1 is a secreted protein. respect to the plasma membrane ( Figures 3B-3E ), beBecause of the expression in non-touch receptor neucause cytoplasmic, but not extracellular, ␤-galactosirons, we tested whether mec-1 (also tagged with gfp) dase is active (Fire et al., 1990) . When lacZ was fused could rescue the Mec phenotype when expressed from directly after the DNA for the predicted signal sequence, the touch receptor neurons-specific mec-18 promoter no ␤-galactosidase activity was found, suggesting that (Gu, 1998) . Touch receptor expression was sufficient the resulting fusion protein is extracellular. Insertion of for rescue (three strains produced 90% Ϯ 5% touchan artificial transmembrane domain after the signal sesensitive animals; n ϭ 70). quence restored activity. ␤-galactosidase activity was also absent when lacZ was fused at codon 45, directly after sequence for the weakly predicted transmembrane MEC-1 and MEC-5 Are Localized Similarly on Touch Receptor Processes domain. As before, insertion of a sequence encoding an artificial transmembrane domain before lacZ restored MEC-1::GFP was localized differently on lateral and ventral touch processes. On the lateral processes, MEC-1::GFP activity. These results suggest that MEC-1 does not contain a transmembrane domain between residues 21 appeared as uniform fluorescence with periodic puncta of higher intensity ( Figures 3G and 3H ). These periodic and 41.
Expression of a full-length MEC-1::GFP protein fusion puncta were not seen with cytoplasmic GFP produced from the mec-1 promoter ( Figure 3I ). (Free cytoplasmic from the mec-1 promoter rescued the mec-1(e1496) null Some genotypes gave different results depending on whether smg-5 was mutant. The diagrams for these genotypes (without the smg-5 mutation) are fainter than the others. Greater than 50 animals for each strain were tested for touch sensitivity. n ϭ number of animals examined for proper attachment (away from the muscle), by examining animals using differential interference contrast microscope or fluorescence from MEC-5::GFP or from mec-1 promoter-driven GFP. The processes in smg-5; mec-1(e1336) animals were usually adjacent to the muscle but sometimes were positioned away from them (*see Figure 7G ). (C) Electron micrographs showing normal placement of ALM touch receptor process (black arrow) away from muscle (M) in wild-type, mec-1(e1738), and smg-5; mec-1(e1066) but not in mec-1(e1066) animals. Scales bars, 1 m. (D) Electron micrographs of ALM touch receptor process from wild-type, mec-1(e1738), and smg-5; mec-1(e1066) animals indicating attachment plaques (black triangles) and ECM (white arrows). Scale bar (for all three panels), 0.2 m. All 6, all 8, and 8 of 10 ALM processes and all 3, 4, and 2 AVM processes in wild-type, mec-1(e1738), and animals, respectively, had ECM and attachment plaques that correlated with the attachment plaques of muscle. The two remaining smg-5; mec-1(e1066) ALM processes had ECM and attachment plaques, but these latter did not align with those of muscle. All of the ALM processes in all three of these strains were well separated from the muscle. None of the 10 ALM or 5 AVM processes in mec-1(e1066) animals had attachment plaques or obvious ECM, and the ALM processes were not separated from the muscle. GFP does result in some regions of greater intensity in apart. The puncta differ in intensity, with occasional puncta being much less intense. Although puncta on the the touch processes, but unlike the MEC-1 puncta, these regions do not correlate with the MEC-4 puncta [as lateral processes are spaced on average further apart, sometimes pairs of puncta are as close together as described below; see Chelur et al. 
MEC-4 and with those of MEC-1 on all touch processes the mutant processes, when it was, it was also uniform (Figures 4A-4D). On both types of processes, all MEC-4
and not punctate ( Figure 5E ). In contrast, a null mutation puncta are associated with MEC-5 puncta. A few of the of the ␤-tubulin gene mec-7 did not alter the punctate MEC-5 puncta on the lateral processes lack MEC-4. appearance of MEC-4 ( Figure 5F ). Somewhat more of the MEC-5 puncta on the ventral Although the punctate localization of MEC-4::YFP reprocesses lack MEC-4; these puncta were overwhelmquired all three ECM proteins, the localization of both ingly the less intense MEC-5 puncta. As expected, the MEC-1::GFP and MEC-5::GFP to puncta was normal in MEC-1 puncta also colocalized with those of MEC-4 mec-4 mutants ( the MEC-5 and MEC-1 puncta on the lateral processes were more readily seen and had the same regularity m posterior to AVM (contributed by AVM and PVM). These numbers were the same (12.8 Ϯ 1.0 and 12.8 Ϯ and periodicity as those on the axons of the ventral processes and the annuli. These observations raise the 0.8, respectively [mean Ϯ SEM; n ϭ 5 for each]). If each cell contributed puncta in a cell-autonomous fashion, possibility that the density of MEC-5::GFP and MEC-1::GFP puncta on wild-type lateral processes is the we would expect that more puncta would be seen in regions where the two processes overlapped. Since this same as on the ventral processes but that the less intense puncta are obscured by the him-4-dependent increase was not seen, the puncta are not independently formed by AVM and PVM.
coating of both proteins on the lateral processes. Because him-4 animals are touch sensitive, the punctate, Intermediate filaments located beneath the annuli in the hypodermis attach to the hemidesmosomal strucbut not the general, binding of MEC-5 and MEC-1 is required for mechanosensation. As expected from the tures that connect the touch cells to the hypodermis (Francis and Waterston, 1991). To confirm the colocalitouch sensitivity of these animals, the punctate distribution of MEC-4::YFP was not altered in him-4 animals zation of MEC-5::GFP with the attachment sites in the hypodermis, we double-stained MEC-5::GFP express-( Figure 7F ). Furthermore, a null mutation of mec-6, which is needed for the production of MEC-4 puncta, did not neither hemidesmosomes nor him-4. The hypodermal control of puncta production is seen in their regularity, alter the punctate pattern of MEC-5::GFP in a him-4 background ( Figure 7G ). their correspondence with the annuli and hypodermal intermediate filaments, and the finding that their number The MEC-5::GFP puncta were not always wild-type in him-4 animals. Instead of being compact dots, the does not change when processes overlap. Since the touch cell proteins colocalize with attachment strucpuncta in some animals had small "tails" of fluorescence that extended circumferentially away from the touch cell tures in the hypodermis but are independent of attachment, structures in the hypodermis presumably direct process (Figures 7D and 7E The second set of ECM interactions leads to the formation of puncta that colocalize the MEC-4 channel onstrated by him-4 animals, attachment is minimally important for touch sensitivity (Vogel and Hedgecock, complex. As indicated above, the formation of puncta appears to be initiated by a signal from the hypodermis 2001). Second, ECM proteins organize the placement of the degenerin channel complex in the touch receptor that is independent of him-4. Because both lateral and ventral puncta are absent in mec-1 null animals, mec-1 process. MEC-1 and MEC-5 not only colocalize with components of the channel complex, but they and MEC-9 may be needed to establish the puncta. In contrast, the initial formation of MEC-5::GFP puncta occurs in mec-1 are also needed to produce the punctate clustering of the channel components (this work; Zhang, 2004). Third, animals with a late truncation of MEC-1 or a null mutation in mec-9 (visible when the diffuse lateral fluorescence the colocalization of MEC-1 and MEC-5 with the channel complex, the separation of the touch insensitivity and is removed by a him-4 mutation). Nonetheless, because lateral puncta are not seen in mutants without the him-4 attachment phenotypes in some mec-1 mutants, and the touch-insensitive phenotype itself suggest that these mutation, full-length MEC-1 and MEC-9 appear to be needed for the full development of the puncta. Since all proteins (and probably MEC-9) are needed for transduction.
three extracellular MEC proteins are also required for the correct localization of the MEC-4 mechanosensory Our observations suggest that ECM components are directed to specific areas at regularly spaced intervals channel complex, which localizes to the MEC-1 and MEC-5 puncta, fully developed puncta are likely to be on the touch processes by the hypodermis. The corresponding areas in the hypodermis form hemidesmosorequired to localize the channel complex. The observations that MEC-1, MEC-5, and MEC-9 lomal-like structures that attach the touch receptors to the cuticle through the hypodermis. The production of calize the MEC-4 channel are significant for two reasons. First, they demonstrate that extracellular interactions these attachments requires him-4. The interaction of the touch receptors and the hypodermis also leads to the are critical for channel localization in the neuronal membrane. Others studies have also found that extracellular production of ECM puncta, but this interaction requires lateral processes is not an artifact due to saturation of the camera. Attachment was judged to be wild-type if more than 3/4 of the ALM mec-1 was mapped to the left of stP23 by scoring the progeny of dpy-11 mec-1ϩ unc-42/ϩ ϩ stP23 ϩ animal, giving the recombiaxons were visibly separated from the body wall muscle. P mec-1 gfp did not affect the mutant or wild-type position of the touch neuron nants in two experiments of dpy-11 (31/110) mec-1 (11/110) stP23 (56) unc-42 (the two remaining recombinants were anomalous Dpy processes in mec-1(e1496) or wild-type animals, respectively. For some experiments, we used either an Olympus IX81 Confocal nonMec nonUnc recombinants that lacked the stp23 polymorphism). microscope or a Zeiss LSM 510 META Confocal microscope (the Optical Microscopy Facility, Columbia University). In the latter microscope, CFP was excited using the 458 nm line of an argon laser, Characterization of mec-1 and emission was collected using a standard CFP band-pass filter. We tested cosmids in the mec-1 region for transformation rescue YFP was excited using the 488 nm line of an argon laser and a (Mello et al., 1991) by injecting ‫02ف‬ g/ml of cosmid or plasmid standard long-pass filter. No cross-talk could be seen between fil-DNA and 50 g/ml of rol-6 marker DNA pRF4 into mec-1(u11) aniters at the gain settings used. mals. Cosmid T07H8 and a 13 kb Eco47III-NcoI fragment containing Combined MEC-1::GFP and MEC-4::YFP images were collected a single predicted gene, T07H8.4, and 3 kb of upstream noncoding using the 488 nm line of the argon laser for excitation and the sequence rescued the Mec phenotype.
LSM 510 META detector. The contributions of GFP and YFP were Total RNA for Northern blots was isolated from mixed-stage aniunmixed using the Linear Unmixing function. Reference spectra mals with Tri-Reagent (Molecular Research Center, Cincinnati, OH).
for GFP and YFP were obtained from animals carrying either the Poly(A) RNA was purified from total RNA using the Promega PolyA-MEC-1::GFP or MEC-4::YFP construct alone, and sample backTract mRNA Isolation System (Madison, WI). We identified one parground spectra were acquired from an untransformed animal. Anitial ‫3ف(‬ kb) cDNA from ‫5.1ف‬ million clones in a mixed stage, oligo mals expressing each construct alone were used as controls to (dT)-primed cDNA library (Okkema and Fire, 1994) using the 3Ј porvalidate the unmixing process. tion of the predicted mec-1 locus. The primers used to obtain this With either confocal microscope we found that the GFP and YFP probe and in other experiments are listed in Supplemental Table S2 images , 1981) . Touch-sensitive animals will normally sib.ch/cgi-bin/PFSCAN). Analysis of the MEC-1 putative signal semove forward in response to a touch to their tail and backward in quence was done using SignalP v.1.1 (www.cbs.dtu.dk/services/ response to a touch to their anterior. Animals that are touch insensiSignalP/). MEC-1 was analyzed for possible transmembrane dotive frequently respond to an initial touch, so animals were judged mains using TMpred (www.isrec.isb-sib.ch/ftp-server/tmpred/www/ touch sensitive only if they responded to more than one touch. TMPRED_form.html) and TopPred 2 and DAS (both at www.rna.icmb.
Comparative touch assays were carried out on animals approxiutexas.edu/linxs/seq-info/proteins/topology.html). mately 24 hr after the L4 stage.
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